The life cycle, within-field distribution, crop damage and impact of natural enemies of the potato tuber moth, Phthorimaea operculella (Zeller) were investigated in two potato cropping systems. The two systems differed in soil type (sandy vs. loess) which in turn affected the choice of cultivars, irrigation programme, insecticide application method (ground vs. aerial), and planting and harvest times. From mid-April to the end of May, almost twice as many moths were caught in pheromone traps in sandy than in loess fields. Highest infestation of tubers was found before harvest, and infestation was greater in loess than in sandy fields. Larval densities in foliage and tubers were significantly higher at the margins of the fields than in the centre. A significant positive correlation was found between adult catch and larval infestation on foliage in sandy fields but not in loess. Tuber infestation in sand was positively correlated with foliage infestation. No such correlation was detected in loess. Five parasitic wasps emerged from P. operculella larvae collected from commercial fields and volunteer plants: Diadegma pulchripes (Kokujev) and Temelucha decorata, (Gravenhorst) (Ichneumonidae) and Bracon gelechiae Ashmead and two other unidentified Braconidae. The most abundant predators at the field site were Coccinella septempunctata Linnaeus (Coccinellidae), Chrysoperla carnea Stephens (Chrysopidae), Orius albidipennis (Reuter) (Anthocoridae) and four ant species (Formicidae). Parasitism rate reached 40% and predation was estimated at 79%. Results are discussed with regard to the development of an integrated pest management programme for this important pest.
Introduction
The potato tuber moth, Phthorimaea operculella (Zeller) (Lepidoptera: Gelechiidae), is a cosmopolitan, oligophagous pest of solanaceous crops. It is most common in tropical and subtropical regions, and is known to attack potatoes, tomatoes, tobacco, eggplant, peppers and wild solanaceous plants (Avidov, 1961; Das & Raman, 1994; Kroschel, 1995) . In potatoes, the principle damage is caused by larvae boring into tubers, rendering them unmarketable. If the pest is present at harvest, it may be transferred with the tubers into storage, where its presence can promote tuber rot (Porat, 1983; Kroschel & Koch, 1994; Kroschel, 1995) . *Fax: +972 8 946 6768 E-mail: coll@agri.huji.ac.il Phthorimaea operculella is distributed throughout Israel, but causes economic damage mainly in the southern part of the country where two potato crops are grown per year: a spring crop planted in January-February and harvested in June-July, and an autumn crop planted in September and harvested in January-February (Meisner, 1969; Yathom, 1986; Gilboa, 1989 Gilboa, , 1994 . The potato tuber moth has been found to be active year-round in Israel, as no diapause has been observed. For this reason, the pest requires host plants throughout the year (Gilboa, 1994) ; after the potato is harvested pest populations may continue to develop on tubers or volunteer plants remaining in the field, or on other solanaceous plants such as processing tomatoes (Gilboa & Podoler, 1994) .
In Israel, the pest is controlled primarily by calendar applications of insecticides. The goal of the present study was to describe the life cycle of the pest, quantify the damage it causes and assess the impact of natural enemies on pest populations. This information is central to the development of an integrated pest management programme for this pest. Particular efforts were therefore invested in testing for a reliable and practical monitoring system, capable of predicting yield loss. The within-field distribution of the pest was also studied, for the purpose of developing a sampling protocol and for 'hot-spot' applications of insecticides. The study was conducted in two potato cropping systems in the same region. The two systems differed in soil type (sandy vs. loessial) which in turn affected the choice of cultivars, irrigation programme, insecticide application method (ground vs. aerial), and planting and harvest times.
Materials and methods
The study was conducted in 1995-1997, during the spring potato-growing season in commercial fields in Israel's western Negev region. During each season, the pest was studied in the two representative potato systems (two soil types). In 1995 and 1996, eight plots were used each year: four on sandy soil planted to cv. Kara, and four loess plots planted to cv. Dersiree. In 1997, three plots of cv. Mondial on sandy soil, three plots of cv. Mondial on loess and two plots of cv. Desiree on loess were used. Each plot measured approximately 2.5 ha. In all years, the plots were at least 500 m apart.
Monitoring of adult moths
Adults of P. operculella were monitored using pheromone traps (Uni Trap, Alon Agriculture Ltd., Israel). Trapped adults were killed by poison bait placed in the trap. Three traps were placed on the ground at 50 m intervals in a transect along a single row in each plot. Pheromone-impregnated rubber dispensers were replaced every five weeks, and poison bait every seven weeks. Traps were inspected every 6-10 days, and the number of trapped males was recorded.
Larval density on foliage
Every 6-10 days from plant emergence to pre-harvest defoliation, five stems were randomly collected from the centre and from the margins (5 m) of each plot. In the laboratory, the leaves were inspected and stems were dissected. The presence of larvae and their developmental stage were recorded. The presence of leaf mines without larvae was also noted.
Larval infestation of tubers
The degree of tuber infestation by larvae was determined 1-3 days before pre-harvest defoliation (except in 1997), 1-3 days after defoliation and 1-3 days before tuber harvest. Samples of approximately 200 tubers each were collected from the centre and margins of each plot. Tubers were classified as green or white, as an indication of their depth in the soil, and infested tubers were separated from uninfested ones. Tubers were classified as green even if only a slight change of colour was detected. An infested tuber was defined as one with visible tunnelling damage, regardless of the presence or absence of larvae. Tubers in each category were counted and weighed, and percent infestation was calculated both numerically (number of infested tubers/ total number of sampled tubers) and by weight (weight of infested tubers/total weight of sampled tubers).
Activity of natural enemies
Phthorimaea operculella larvae, collected as described above from foliage in commercial fields during the 1996 and 1997 seasons (five and nine sampling dates, respectively), were maintained on potato tubers in plastic containers with cloth lids. The number of larvae in each container was recorded, and they were held at 25 ± 2°C, 16L:18D, 70% rh until adult moths or parasitoids emerged. After emergence, parasitic wasps and adult moths were collected and counted, and percent parasitism was calculated for each sample. The same procedure was carried out with larvae sampled from volunteer potato plants in 1996 and 1997. Adult parasites were submitted for identification to Dr K. Horstmann of the Zoologisches Insitut, Wurzburg, Germany (Ichneumonidae), and Dr J. Papp of the Hungarian Natural History Museum, Budapest, Hungary (Braconidae).
In 1997, predators including Coccinella septempunctata Linnaeus (Coleoptera: Coccinellidae), Chrysoperla carnea Stephens (Neuroptera: Chrysopidae), Orius albidipennis (Reuter) (Hemiptera: Anthocoridae) and four ant species were collected in potato fields. The ability of each of the predators to attack the different instars of the pest was evaluated by denying the predators food for 24 h before placing each predator with three P. operculella larvae in a 90 ϫ 15 mm Petri dish. The predators' subsequent behaviour was observed for 6 h under a stereoscopic microscope. Orius albidipennis and C. septempunctata were also tested against tuber moth eggs. All instars of C. carnea larvae were used in these tests, while only adults of the other predators were evaluated. The body length of predators and prey was recorded. This experiment was repeated six to ten times.
To determine the effect of predators on pest larvae, a field experiment was conducted in an insecticide-free plot measuring 18 ϫ 12.5 m, sown with cv. Desiree. Nineteen weeks after planting, two randomly chosen, insect-free, adjacent plants were each infested with 60 laboratory-reared first instar P. operculella larvae. The plants were then covered with exclusion cages with 50-mesh netting. Controls were infested and left uncovered. Ten days after infestation, the plants were examined in the laboratory and the number of fourth instar P. operculella larvae was recorded. The experiment was replicated three times.
Statistical analysis
Data were subjected to analysis of variance (ANOVA) and Fisher's Protected LSD test (SAS Institute, 1988) . Data were transformed when variance was not homogeneous. The level of significance was set at 0.05. Adult trapping data and larval infestation data were analysed using a repeated measure model in a two way ANOVA (with year and sampling date as main effects). When no statistical interactions were detected between years and sampling date, the data were averaged over the years. Correlations among adult trapping, larval density and tuber infestation rate were performed with a linear regression model (PROC REG, SAS Institute, 1988) .
Results

Monitoring of adult moths
Analysis failed to indicate a significant influence of trap location within the plots on the level of trapping. This factor was therefore excluded from the model. Throughout the study, the adult population of P. operculella was low between February and mid-April ( fig. 1 ). During 1995, an increase in population levels was observed at the end of April. During 1996-97, this increase occurred later, during May. In 1995 and 1997, the number of moths in traps reached a maximum in May (an average of 70.5 and 24.5 adult P. operculella per trap per night, respectively). As the end of the season approached, the population level gradually decreased. In contrast, in 1996 the population reached its peak towards the end of the season in late June, with an average of 63.2 adults trapped per night. From mid-April to the end of May, almost twice as many moths were trapped in sandy fields compared with fields on loess soil (31.7 ± 3.8 and 17.0 ± 3.5, respectively).
Larval density on foliage
During the three years of the study, P. operculella larvae were first observed on foliage in April. In most cases, larval density increased in early May, reaching a peak of 2.5 larvae per ten stems during that month. As the season progressed, the number of larvae decreased ( fig. 2) . The three-year average density of the larval population on foliage was 1.27 ± 1.04 larvae per ten stems. During most of the season, density of tuber moth larvae was higher at the margins of the fields than in their centre. At peak, the larval population reached a density five times greater at the margins of the field than in the centre ( fig. 2) .
Analyses of larval infestation of foliage indicate a significant interaction (F 1,372 = 18.37, P < 0.001) between sample location (margins or centre) and soil type (loess or sand) ( fig. 3) . On sandy soil, the average level of larval infestation of potato leaves sampled from the field margins was six times greater than that found on leaves collected from the field centre. A similar, but non-significant, trend was evident on loess. In addition, larval infestation of leaves collected from the margins of a sandy field exceeded infestation of leaves from the margins of a loess field by a factor of three. In contrast, population levels in the field centre were similar for both soil types ( fig. 3) .
During the 1995 season, a significant positive correlation (R = 0.43, P < 0.01, y = 0.03x + 0.56) was found between numbers of adults collected in pheromone traps, and the density of larvae on foliage 7-10 days later. In 1996 and 1997, no such relationship was detected. A similar positive correlation was found between adult catch and larval infestation on foliage in sandy fields (R = 0.30, P < 0.01, y = 0.03x + 1.01) but not in loess. 
Larval infestation of tubers
The three-year average infestation of all tubers prior to harvest was 6.7%. Green tubers constituted an average of 87% of all infested tubers. The weight of green tubers was not influenced significantly by sampling time, soil type or the area of the field sampled. Comparison of tuber weight showed that white tubers (infested and uninfested) were 1.8 times heavier than infested and uninfested green tubers (white tuber weight: 0.13 ± 0.04 kg; green tuber weight: 0.071 ± 0.05 kg).
There was a significant interaction (F 2,41 = 4.32, P < 0.01) in the degree of green tuber infestation between sampling time (before defoliation, after defoliation or before harvest) and the type of soil from which the tubers were sampled. Highest infestation of green tubers was found in the preharvest samples, and infestation was greater in loess than in sandy fields at all sampling times ( fig. 4A ). An additional significant interaction (F 2,41 = 7.86, P < 0.001) was detected in the level of green tuber infestation between sampling time and the area of the field sampled (centre or margins). Prior to defoliation, infestation of green tubers was greater in the field centre than at the margins. By harvest time, tuber infestation was higher at the margins than at the centre of the field ( fig. 4B) .
During all three years of the study, the level of infestation observed among white tubers varied significantly with sample time (F 2,41 = 3.07, P < 0.05); infestation was lower prior defoliation than after defoliation or before harvest. No significant difference was found between the infestation levels at the latter two sampling times ( fig. 4C) .
No significant correlations were found between adult capture and tuber infestation level when data were analysed for each soil type separately. Likewise, no correlation was found between the density of larvae on foliage and the degree of tuber infestation, either for the entire field or when data for the field margins and the field centre were examined separately. However, tuber infestation in sand was positively correlated with foliage infestation (R = 0.6, P < 0.003, y = 0.88x + 2.29). No such correlation was detected in loess fields.
Activity of natural enemies
Parasitic wasps which emerged from larvae of P. operculella collected from commercial fields and volunteer plants were identified as Diadegma pulchripes (Kokujev) and Temelucha decorata (Gravenhorst) (Ichneumonidae), and Bracon gelechiae Ashmead (Braconidae). Two yet to be identified braconids were also reared out. The most abundant predators at our field site were the coccinellid Coccinella septempunctata, larvae of the lacewing, Chrysoperla carnea, the anthocorid, Orius albidipennis and four predatory ants Cataglyphis niger (Andre), Messor ebeninus (Forel), Tapinoma simrothi phoenicium (Emery) and Camponotus thoracicus fellah (Emery) (Hymenoptera: Formicidae).
A significant interaction with regard to per cent parasitism (F 1,10 = 3.95, P < 0.07) was found between the type of host plant (commercial field or volunteer plant) and the year during which sampling was conducted ( fig. 5 ). During both 1996 and 1997, percent parasitism was higher in volunteers than in commercial fields, but in 1997 this difference was greater than in 1996 ( fig. 5 ). During larvae collection and parasitoid emergence, 1.93 ± 1.21 larvae were found per volunteer potato plant but only 0.87 ± 1.05 were present per plant in the commercial potato fields.
All species of predators collected from potato fields and volunteer plants proved capable of attacking and consuming P. operculella larvae (table 1). Adult C. septempunctata and second and third instar larvae of C. carnea were able to attack all developmental stages of the pest. Adult O. albidipennis and first instar C. carnea successfully fed on only the two earliest larval stages, presumably because of the size difference between predator and prey. Neither the adult coccinellids nor O. albidipennis consumed tuber moth eggs under laboratory conditions. All four species of ants were able to attack and feed on first, second and third instars, but fourth instars sometimes protected themselves by spinning silk webs that prevented predation by the ants. A significant correlation (R = 0.73, P < 0.02, y = 0.35x Ϫ 0.12) was found between the sizes of the predators and of their consumed prey.
In the field experiment, the number of tuber moth larvae recovered from uncaged plants was significantly lower (F 1,4 = 11.68, P < 0.02) than the number found on caged ones. On uncaged plants, only 16.6% (± 10.9) of the larvae survived after ten days in the field whereas 95.8% (± 37.2) of the larvae were recovered from caged plants.
Discussion
The population of P. operculella reached its peak density in May or June. A similar trend was found by Yathom et al. (1979) who used pheromone traps to study the phenology of the pest in the Negev. In both studies, the appearance of a first generation occurred between February and April and subsequent development of overlapping generations was recorded until potato harvest in June or July. Likewise, in their study of P. operculella in Yemen, Kroschel & Koch (1994) found a peak in population density during June, followed by a decline in August. Yathom et al. (1979) state that this pattern is characteristic of a non-diapausing insect in a favourable environment with continuous access to host plants.
The spatial distribution of tuber moth larvae on foliage in this study, characterized by higher density of the pest in the field margins than in the centre, has been reported in other crops and/or regions. This pattern is typical of pests that migrate among different crop and non-crop plants (Reed, 1971; Foot, 1979; Gilboa, 1989) . Meisner (1969) observed that female moths preferred dry soil for oviposition, and Foot (1979) found that survival of larvae increased with decreasing soil moisture content. Plants on the edges of the field are more exposed to wind and solar radiation, leading to drier conditions than in the field centre (Gilboa, 1989) . This may contribute to the observed distribution pattern of the larvae and may also provide an explanation for the higher density of the adults in plots with relatively dry sandy soil as opposed to moist loess plots.
Clarification of the relationship between pheromone trapping and pest infestation of foliage and tubers may reduce unnecessary pesticide applications and simplify pestmonitoring processes. Shelton & Wyman (1979) , working in unsprayed, flood-irrigated fields, found a positive relationship between the number of trapped adult P. operculella and the density of larvae on foliage. In addition, they reported a positive correlation between the degree of tuber infestation and both the number of moths trapped per night and the density of larvae on foliage. After finding a positive correlation between foliage infestation levels and pheromone trapping, Lal (1989) also concluded that traps could be used to predict the density of larval populations on foliage.
In the present study, pheromone trapping provided information on the first appearance of the pest in the field and may be useful in predicting infestation rate in tubers or foliage, but only in sandy fields. The lack of correlation between infestation parameters on loess may be due to high larval mortality caused by the relatively high moisture content of this soil type. On sandy soil, in contrast, a positive relationship was found between the number of adults caught in pheromone traps and the density of larvae on foliage, and between larval infestation of foliage and the degree of injury to tubers. The absence of a direct correlation between trapped adults and tuber infestation in sandy soil may be due to lack of statistical power. Alternatively, infested tubers in loess may support more larvae than those in sand, possibly because cracks in loess soil make the tubers accessible to more larvae.
Results of the present study indicate that tubers lying close to the soil surface are at higher risk of attack by tuber moths than those found at a greater depth. This was particularly the case in loessial soil where tuber infestation was consistently higher than in sandy soil. Because green tubers were significantly smaller than white ones, the actual economic damage to the crop was smaller than what could be predicted by tuber count alone. Nevertheless, proper implementation of cultural practices that affect the ability of larvae to reach the tubers is likely to be important aspect of the control of the potato tuber moth. According to Shelton & Wyman (1979) , the degree and time of tuber infestation by the pest are determined mainly by the timing of harvest, type of irrigation, and methods of cultivation. For this reason, the density of larvae on foliage or number of adults trapped may not always enable accurate prediction of tuber infestation.
The present survey of predators on potato plants is in agreement with other studies. Graf (1917) reported coccinellid and neuropteran predation on P. operculella in California, and Zaki (1989) found that the larvae could serve as prey for Orius albidipennis and O. laevigatus (Fieber) (Anthocoridae) for mass rearing in the laboratory. In a study on the population dynamics of the pest in Yemen, Kroschel & Koch (1994) found a number of species of predators, including six coccinellids and an unidentified neuropteran. Finally, as in the present study, O. albidipennis and C. carnea were found to be important predators of tuber moth in Egypt (Abbas et al., 1993) .
From the laboratory studies it can be concluded that the ability of the tested predators to consume prey is dependent upon the ratio of predator size to the size of the prey, where the larger the predator, the larger the prey it can attack and consume. In the case of the potato tuber moth, it appears that a predator measuring at least 3 mm can successfully attack all larval instars of the pest. The present evaluation of P. operculella larval predation in the field further demonstrates the significant role generalist predators have in suppressing pest populations -mortality of about 80% of the larvae could be attributed to predation. Thus, minimizing the use of broad-spectrum insecticides should encourage the activity of predators and reduce pest density in the field.
In a survey conducted in potato and processing tomato fields, Berlinger & Lebiush-Mordechi (1997) reared five parasitoid species from tuber moth larvae: Copidosoma koehleri Blanchard (Hymenoptera: Encyrtidae), that was introduced from South Africa in 1993, the braconids Bracon sp. and Chelonus sp., and the ichneumonids T. decorata and D. pulchripes. In the present study, C. koehleri was not collected, but both T. decorata and D. pulchripes were found. Unidentified braconids were found in both studies. Diadegma mollipla (Holmgren) (Ichneumonidae), Apanteles [Dolichogenidea] litae (Nixon) and Bracon instabilis Marshall (Braconidae) were the most common tuber moth parasitoids in Egypt (Abbas et al., 1993) . Since up to 40% of the larvae were found to be parasitized in the present study, parasitoids too appear to have an important role in pest population suppression and thus need to be conserved.
Volunteer potato plants apparently serve as a source habitat for the establishment of parasitoids and possibly predators in commercial fields. The lower level of parasitism observed in commercial fields compared to volunteer plants seems to reflect the density that the parasite populations are capable of attaining under conditions of cultivation and chemical pest control. It is also possible that the parasitoids display a numerical response to the pest, in which case the higher rate of parasitism on volunteer plants corresponds to the higher density of the pest on those plants. The higher level of parasitism observed in 1997 as opposed to 1996 may reflect the fact that in 1997 most of the volunteer plants were collected in uncultivated fields or fields in which the new crop had not yet emerged. At that time, pesticides and agricultural procedures that are likely to hamper parasitoid activity had not yet been employed. In contrast, the 1996 volunteer plants were collected in fields where a peanut crop had emerged and pesticides had already been extensively applied. It should be noted, however, that while volunteer plants serve as a habitat for natural enemies, they also constitute a refuge for potato tuber moth. These refuges allow the pest to survive pesticide applications and serve as hosts between potato growing seasons. The negative impact of volunteer plants on potato crops is apparently greater than the benefit gained from the natural enemies they shelter. For this reason, it is recommended that volunteer potato plants be destroyed upon appearance.
